In peroxisomes isolated from pea leaves (Pisum sativum L.) the production of superoxide free radicals (02-) by xanthine and NADH was investigated. In peroxisomal membranes, 100 micromolar NADH induced the production of 02-radicals. In the soluble fractions of peroxisomes, no generation of 02-radicals was observed by incubation with either NADH or xanthine, although xanthine oxidase was found located predominantly in the matrix of peroxisomes. The failure of xanthine to induce superoxide generation was probably due to the inability to fully suppress the endogenous Mn-superoxide dismutase activity by inhibitors which were inactive against xanthine oxidase. The generation of superoxide radicals in leaf peroxisomes together with the recently described production of these oxygen radicals in glyoxysomes (LM Sandallo, VM Femandez, FL Rup6rez, LA del Rio [1988] Plant Physiol 87: 1-4) suggests that 02-generation could be a common metabolic property of peroxisomes and further supports the existence of active oxygen-related roles for peroxisomes in cellular metabolism.
Peroxisomes are subcellular respiratory organelles containing as basic enzymic constituents catalase and, at least, one H202-producing flavin oxidase, and have different metabolic pathways depending upon their origin (15, 26) . Recently, we have demonstrated the presence of SOD2 activity (EC 1.15.1.1) in peroxisomes from pea leaves (6, 22) and in glyoxysomes from watermelon cotyledons (21) , a class of specialized peroxisomes occurring in oilseeds. In leaf peroxisomes, a Mn-containing SOD is present (22) and the study of the intraorganellar distribution ofthis metalloenzyme showed that Mn-SOD was located in the peroxisomal matrix as a soluble enzyme (24) .
The generation of 02 radicals has been reported in neutrophils, monocytes and macrophages (14) , mitochondria (2) , ' Supported by grant 2511/83 C02 from the Comisi6n Asesora de Investigaci6n Cientifica y Tecnica (Spain).
2Abbreviations: SOD, superoxide dismutase; Cu,Zn-SOD, cuprozinc-containing superoxide dismutase; DETAPAC, diethylenetriaminepentacetic acid; DMPO, 5,5-dimethyl-1 -pyrroline-N-oxide; ESR, electron spin resonance; Mn-SOD, manganese-containing superoxide dismutase; NaN3, sodium azide; PHMB, p-hydroxymercuribenzoate; XOD, xanthine oxidase. chloroplasts (1), microsomes (17) , and nuclei (18) . Recently the production of 02-in glyoxysomes has been demonstrated both in the supernatants, induced by xanthine and hypoxanthine, and in membranes, stimulated by NADH (23) . Superoxide production by purines was due to xanthine oxidase (EC 1.1.3.22), which was found predominantly in the matrix of glyoxysomes (23) . However, no information is available on the production of oxygen free radicals in leaf peroxisomes and this is important in order to know whether the reported generation of superoxide radicals by glyoxysomes can be extended to other classes of peroxisomes with different functional specialization in cellular metabolism. Leafperoxisomes conduct important pathways such as the oxidative photosynthetic carbon cycle ofphotorespiration in addition to the fatty acid ,8-oxidation (13, 15, 26) .
In this work, using chemical methods and ESR spin trapping techniques, we describe the generation of superoxide free radicals in membrane fractions of leaf peroxisomes.
MATERIALS AND METHODS

Reagents
Cyt c (type III), DETAPAC, xanthine, and XOD were from Sigma. Superoxide dismutase, NADH, and FAD were purchased from Boehringer Mannheim. DMPO was from Aldrich and was purified according to Buettner (4) . All other chemicals were of the highest quality available from Merck.
Isolation of Peroxisomes
All operations were performed at 0 to 4°C. Peroxisomes were purified from Pisum sativum L. leaves by differential and Percoll density-gradient centrifugation (15-53%; v/v) as described (22) . Purified peroxisomes were free of chloroplasts and mitochondria, as verified by marker enzyme evaluation (22) . To lower the Percoll concentration, the purified organelles were carefully diluted (about 10 times) with the washing medium without BSA and were finally recovered by centrifugation at 12,000g for 15 min. The pellet was loosened by gently shaking in a small volume of the washing medium. The purified peroxisomes had intactness percentages of about 90% (22) . For the preparation of membrane and soluble fractions, peroxisomes were broken by hypotonic shock in 50 mm phosphate buffer (pH 7.8), containing 0.02 mM FAD and 0.1 mM DETAPAC. The suspension was centrifuged in the cold at 237,000g in a Beckman SW 65Ti rotor for 1 h and the pellet obtained was gently suspended in a small volume of the same buffer. The peroxisomal supernatants were concentrated by precipitation with ammonium sulfate (70% saturation) followed by centrifugation at 27,000g for 1 h, and the pellet obtained was suspended in a small volume of 50 mm phosphate buffer (pH 7.8), containing 0.02 mM FAD and 0.1 mM DETAPAC.
Superoxide Determination
For the chemical determination of O2-radicals, the superoxide dismutase-inhibitable reduction of ferricytochrome c was followed (10) using acetylated Cyt c (2). The assays were carried out at 25°C in an Aminco double-beam spectrophotometer model DW-2a equipped with magnetic stirrer accesory in reference and sample cuvettes. The reaction mixture (2.4 mL) contained: air-saturated 50 mm phosphate buffer (pH 7.8), 0.1 mm DETAPAC, 23 gM acetylated ferricytochrome c, and peroxisomal fractions ,g protein). The reaction was started by adding a metabolic inducer and was followed at 550 nm versus a mixture with identical composition but containing 1 uM Cu,Zn-SOD. To inhibit endogenous SOD, 40 mm NaN3 was used. The amount of O2-radicals produced was calculated, as described by Asada (1), using for Cyt c an AE550 of 19 x I03 M-l cm-' (16).
Spin Trapping
Superoxide formation in subperoxisomal fractions was also determined by ESR spectroscopy with the spin trap DMPO (4) . The method used was essentially that of Rosen and Rauckman (20) . ESR measurements were made at room temperature with a Bruker ER 200D-SRC X-band spectrometer. The ESR parameters used are described in the legend to Figure 1 . The reaction mixtures (0.5 mL) were placed in a 2-mm thick quartz flat cell and the reaction was initiated by adding the appropriate metabolic inducer and after about 20 s the spectrum was recorded. Controls with identical composition but containing 1 ,M Cu,Zn-SOD were used. All solutions were prepared in Milli-Q ultrapure water (Millipore, Bedford, MA). Blanks with the complete reaction mixture were run in the absence of metabolic inducers. The spin trap adducts DMPO-OOH and DMPO-OH were identified by Finkelstein et al. (9) in the presence and in the absence of 1 Mm Cu,Zn-SOD.
Assays
Xanthine oxidase (EC 1.1.3.22) was determined according to Rajagopalan (19) . Urate oxidase (EC 1.7.3.3) was assayed as described previously (5). Proteins were determined by the method of Bradford (3) using BSA as the standard.
RESULTS AND DISCUSSION
On the basis of previous results on generation of superoxide free radicals in glyoxysomes by endogenous metabolites (23) , xanthine and NADH were tested as inducers of 02-production in leaf subperoxisomal fractions (membrane and matrix). As shown in Table I , xanthine only produced a small amount of superoxide radicals in peroxisomal soluble fractions. This was also checked by ESR and no 02--derived DMPO adducts could be detected after 20 min of reaction (Fig. lA) . Membrane and soluble fractions of leaf peroxisomes were assayed for XOD activity and also for urate oxidase activity, a H202-producing oxidase, located inside peroxisomes (15) . The results showed the presence of xanthine oxidase activity, which is specifically inhibited by allopurinol, predominantly in the soluble fraction of these organelles (Table II) . The occurrence of XOD in leaf peroxisomes is in agreement with results found in glyoxysomes where soluble XOD is responsible for the xanthine-induced production of 02- (23) . Nonetheless, in the glyoxysomal matrix Cu,Zn-SOD is present (24) whereas in soluble fractions of leaf peroxisomes Mn-SOD is found instead (24) and, if its activity is not completely inhibited, O2-cannot be detected in the experimental assays due to the catalytic scavenging of superoxide radicals by Mn-SOD. In contrast to Cu,Zn-SOD, Mn-SOD is CN-resistant (1 1) but can be completely inhibited by 2% SDS (12) and 1 mM PHMB (25) , and is partially sensitive to NaN3 (25) . However, preliminary assays showed that only NaN3 did not inhibit XOD while both SDS and PHMB completely suppressed the activity of this 02-generating metalloenzyme. In the experiments of superoxide production by peroxisomal soluble fractions (Table I), NaN3 was used to inhibit soluble Mn-SOD but xanthine-induced production of 02-probably could not be detected due to the incomplete inhibition of Mn-SOD by NaN3. Unless either a new specific inhibitor of Mn-SOD inactive against XOD is found or the peroxisomal Mn-SOD activity can be depressed by physiological means, the xanthine-dependent production of 02-radicals in peroxisomal soluble fractions will be very difficult to demonstrate.
On the contrary, the production of superoxide radicals was detected in the membrane fraction of peroxisomes by the action of NADH (about 10 nmol 02-x mg-' protein x min-') and none of the NADH-induced activity was present in the soluble fraction (Table I ). The induction of NADHdependent 02-radicals was verified by ESR analysis (Fig. 2) . The ESR signal of the 02--derived spin trap adduct DMPO-OH was clearly detected 15 min after the addition of NADH to the assay mixture. The DMPO-OH signal was completely abolished in the presence of 1 UM Cu,Zn-SOD (Fig. 2C) . This clearly indicates that the DMPO-OH adduct signal (Fig. 2B) is derived from the unstable species DMPO-OOH which rapidly decomposes into DMPO-OH even in the presence of DETAPAC (4, 8) .
The 02-producing NADH-dependent system of peroxisomal membranes appears to be similar to that found in glyoxysomal membranes (23) and the source could be the electron transport chain occurring in the membrane of glyoxysomes consisting of a flavoprotein NADH reductase and Cyt b5 (measured as NADH-Cyt c reductase) (7) . When NADH was used as metabolic inducer in peroxisomal membranes, the Cyt c reduction was inhibited by SOD and this suggests that Cyt b5 could donate electrons to 02 with the production of 02-. This mechanism of superoxide radical generation would be similar to that operating in liver endoplasmic reticulum where Cyt b5 can leak electrons onto oxygen to make 02 (14) . Fang et al. (7) have proposed that one of the functions of the electron transport system of glyoxysomal membranes could be to reoxidize NADH released during fatty acid ,3-oxidation and the glyoxylate cycle, so that NAD could be reutilized in these glyoxysomal processes. In this respect, as fatty acid ,8-oxidation also takes place in leaf peroxisomes (13) , the production of superoxide radicals in peroxisomal and glyoxysomal membranes might be an obligatory consequence ofthe NADH regenerating system of these organelles, though the possible utility of these 2-radicals in cellular metabolism remains to be seen.
The results described in this work, together with the recently reported generation of superoxide radicals in glyoxysomes (23) , suggest that 02 production could be a common metabolic property of peroxisomes and further support the existence of active oxygen-related r6les for peroxisomes in cellular metabolism.
